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SIGNAL PROCESSING SYSTEM WITH
DELTA-SIGMA MODULATION AND FIR
FILTER POST PROCESSING TO REDUCE
NEAR OUT OF BAND NOISE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates 1n general to the field of
information processing, and more specifically to a system
and method for reducing near out-of-band noise using a
delta sigma modulator and a finite 1impulse response post-
processing filter.

2. Description of the Related Art

Many electronic systems employ signal processing tech-
nology to process analog, digital, or a mix of analog and
digital signals. In audio applications, the digital to analog
conversion process often imvolves oversampling a digital
signal, modulating the signal using a delta-sigma modulator
to shape noise associated with quantizing the digital signal,
and performing a digital to analog conversion using a
low-pass filter. The filtered output signal 1s used 1n a variety
of ways, such as stored as digital data or amplified to
produce an analog signal suitable for driving a load such as
a speaker.

Delta-sigma modulators recerve an 1mput signal and con-
vert the signal 1into a series of low resolution pulses having,
an average amplitude over time proportional to the input
signal. In the process of producing a modulated output
signal, delta-sigma modulators introduce quantization noise
into the modulated input signal. However, the quantization
noise advantageously resides outside of the audio baseband
where frequency components of interest reside, 1.e. between
about 0 Hz and about 20-25 kHz. Thus, 1n an audio context,
“in-band” refers to frequencies between 0 Hz and about
20-25 kHz, and out-of-band frequencies refer to frequencies
above the maximum in-band frequency. “Delta-sigma
modulators” are also commonly referred to using other
interchangeable terms such as “sigma-delta modulators”,
“delta-sigma converters”, “sigma delta converters”, “data
converters”, “noise shapers”, as well as full and partial

combinations of the foregoing terms.

FIG. 1 depicts a signal processing system 100 that con-
verts an mput signal 101 generated by source 102 into an
output signal 104. The source 102 can be any data signal
source such as a compact disk player, a digital versatile disk
player, and other audio signal sources. The mnput signal 101
generally undergoes pre-processing by preprocessor 106. In
an audio system context, in preparation for processing by
delta sigma modulator 108, pre-processing generally
involves over-sampling input signal 101. Thus, for an audio
signal sampled at 48 kHz and an oversampling ration of
128:1, pre-processor 106 generates an input signal x(n)
(“X(z)” 1n the z-domain) with a sampling frequency of 6.144
MHz.

The M-bit delta sigma modulator 108 represents a general
depiction of an M-bit delta sigma modulator. The delta
sigma modulator 108 provides a series of low resolution
pulses whose average value over time represents delta sigma
modulator input signal X(z), where M 1s an integer repre-
senting the number of bits used by the delta sigma modulator
108 to quantize an mput to quantizer 110. For a single bit
delta sigma modulator 110, M equals one (1). The loop filter
112 output signal U(z) 1s related to the input signal X(z) and
the feedback signal Y(z)-z~' by Equation [1]:

U(z)=X(z)-H, )+ Y(z) Hy(z) 2™ [1]
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Because delta sigma modulator 108 introduces quantiza-
tion error noise E(z) at the quantizer 110, the loop filter 112
can be characterized by two transier functions: (1) a signal

transfer function (STF) and (1) a noise transfer function
(NTF). The STF(z) 1s related to H, (z) and H,(z) by Equation

[2], and the NTF(z) 1s related to H,(z) by Equation [3]:

Hi(z) 2]

TH2) = 1 -z -Hz(Z);
1 [3]

M= T e

Each NTF has a numerator and a denominator. “Zeros”
represent roots of the NTF numerator that cause the NTF to
equal zero or at least a very small number that for practical
purposes approximates zero (collectively referred to herein
as a “zero”). “Poles” represent roots of the NTF denominator
that cause the NTF to equal infinity (e.g. a division by zero)
or at least a very large number that for practical purposes
approximates infinity or a maximum voltage or current
swing of a system.

FIG. 2 depicts a 57 order delta sigma modulator 200,
which 1s an embodiment of delta sigma modulator 108. The
loop filter 202 includes 5 integrators 204.0, 204.1, . . .
204 .4. Filter coellicients ¢, to obtain a desired STF and NTF
can be, for example, included 1n the feedback loop. The
feedback signal Y(z)-z~' (i.e. the previous output y(n-1)) is
fed back and, thus, modified by a coeflicient ¢, where ie{0,
1,...,4}. The values of each coeflicient ¢, are a matter of
design choice. Integrator 204.0 integrates the diflerence
between 1mput signal X(z) and a delayed quantizer output
feedback signal Y(z)-z™* as modified by coeflicient c,. Inte-
grators 204.2 and 204.4 integrate a diflerence between
Y(z)-z"', as adjusted by respective coeflicients ¢, and c,, and
an output of the respective previous integrator 204.1 and
204.3. Resonators 208 and 210 provide poles 1n the transter
function of loop filter 202. Resonators 208 and 210 have
respective gains —g, and g,. The values of —g, and -g, are
a matter of design choice. Integrator 204.1 integrates —[c; Y
(2)z ' +g,'V,(2)|+V,(z), where V (z) is the output of the i”
integrator 204. Integrator 204.3 integrates —[c, Y(z)z '+
g.-V_(2)]+V,(2). The i’ integrator 204.; performs a process
that determines a diflerence between an input A(z) and a
delayed integrator output B(z) such that the integrator trans-
fer function, H(z) 1s represented by Equation [1]:

IRiegraior?
A(z) 1 [1]
H(Z)Enrfgmmr = % = 1 — Z_l

The quantizer 206 produces a quantization error E(z),
which represents noise produced by the delta sigma modu-
lator 200. The N” order delta sigma modulator output signal
Y(z) can be defined 1n terms of the input signal X(z), the

error E(z), the STF of the loop filter 202, and the N'TF of the
loop filter 202 as set forth 1n the z-domain Equation [3]:

Y(z)=STF(z) X(z)+NTF(z)-E(z) [5]
For loop filter 202, STF(z) 1s an all pole response that 1s
relatively flat in the in-band frequencies and rolls ofl at
higher frequencies, and NTF(z)=(1-z ")". Delta sigma
modulators can be implemented using a vast array of con-
figurations that are well discussed extensively in the litera-
ture such as Delta Sigma Data Converters—1Theory, Design,
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and Simulation, Norsworthy, Schreier, and Temes, IEE.
Press (1997) and Undersrmzdmg Delra-Szgma Data Con-
verters, Schreier and Temes, IEEE Press (2003).
FIG. 3 depicts an exemplary th order NTF 300 in the
z-domain. The five zeros (*0””) of the NTF 300 are separated
within the mn-band frequencies, and the five poles (“X™) are
located within the unit circle surrounding the n-band fre-
quencies. Understanding Delta-Sigma Data Converters
states, “Spreading the zeros reduces the total noise power 1n
the signal band, while moving the poles nearer to the zeros
reduces the out-of-band NTF gain, resulting in improved
stability.” Understanding Delta-Sigma Data Converters, p.
107.

FIG. 4 depicts the frequency response 400 of the 5 order
NTF 300. The frequency response 400 exhibits a steep rise,
1.e. a steep decline 1n attenuation, after the baseband ire-
quency 1.

Referring back to FIG. 1, the signal processing system
100 also includes post-processor 114 to prepare the output
signal Y(z) for one or more output devices, such as audio
speakers or an audio data storage device. Post-processor 114
processes the output signal Y(z) of delta sigma modulator
108 to prepare output signal Y(z) for its intended use.
Post-processor 114 often includes a digital-to-analog con-
verter and a low-pass filter which largely remove out-oi-
band noise from the output signal Y(z) to generate the output
signal 104. Near out-of-band noise 1s very difficult to
remove. Attempts to remove near out-of-band noise gener-
ally involve multi-stage filters and large capacitors. How-
ever, near out-of-band energy remains and can cause a
variety of undesirable effects. For example, subsequent
signal processing of a signal with near out-of-band noise can
introduce modulation frequencies that modulate the near
out-of

[T]

-band energy back into in-band frequencies, thus,
introducing 1n-band noise. For example, jitter modulation
commonly exists in decoders decoding Sony-Philips Digital
Interface Format (SPDIF) signals. The jitter modulation can
problematically modulate the near out-of-band energy back
into the in-band frequencies, thus, introducing unwanted
noise. In addition to modulation of near out-of-band noise
into n-band frequencies, near out-of-band noise can cause
other problems as well. For example, some audio amplifiers
do not function satisfactorily when near out-of-band noise 1s
present 1n a signal to be amplified.

SUMMARY OF THE

INVENTION

In one embodiment of the present invention, a signal
processing system comprising includes a delta-sigma modu-
lator to process mput data that includes in-band frequency
data. The signal processing system also includes a finite
impulse response (FIR) filter to process data previously
processed by the delta sigma modulator. The delta sigma
modulator includes a noise transier function having a gra-
dient trending toward increasing energy as the near out-oi-
band frequencies increase that matches a gradient trending,
toward increasing attenuation by the filter as the near
out-of-band frequencies increase to attenuate energy 1n the
near out-of-band frequencies.

In another embodiment of the present invention, a signal
processing system includes a delta-sigma modulator having,
a low pass noise transier function that includes a pole 1n the
z-domain with an absolute value less than or equal to 0.5. the
signal processing system also includes a finite 1mpulse
response (FIR) filter coupled to an output of the delta sigma
modulator, wherein a transfer function of the FIR filter 1s
characterized by a low-pass frequency response.
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In a further embodiment of the present invention, a
method of reducing near out-of-band noise 1 a signal
processing system includes processing noise 1n a delta sigma
modulator 1n accordance with a noise transfer function,
wherein the noise transfer function 1s characterized by a
gradient trending toward increasing energy as near out-oi-
band frequencies increase. The method also 1ncludes filter-
ing a signal previously modulated by the delta sigma modu-
lator 1n accordance with a finite impulse response (FIR) filter
transier function characterized by a gradient trending toward
increasing attenuation as near out-of-band frequencies
increase that matches the gradient of the noise transfer
function with the gradient of the FIR filter transfer function,
wherein the noise transfer function gradient matches the FIR
filter transier function to attenuate energy in the near out-
of-band frequencies.

In another embodiment of the present invention, a method
of reducing near out-oi-band noise in a signal processing
system 1ncludes processing an input signal using a delta
sigma modulator, wherein the input signal includes in-band
frequencies and a noise transier function of the delta sigma
modulator i1ncludes (1) a pole 1n the z-domain with an
absolute value less than or equal to 0.5 and (11) one or more
zeros to suppress in-band noise data. The method also
includes filtering a signal previously processed by the delta
sigma modulator with a finite impulse response (FIR) filter
having a transier function characterized by a low pass
frequency response.

In a further embodiment of the present invention, a signal
processing system includes means for processing an input
signal using a delta sigma modulator, wherein the input
signal 1ncludes 1n-band frequencies and a noise transfer
function of the delta sigma modulator 1includes (1) a pole 1n
the z-domain with an absolute value less than or equal to 0.5
and (11) one or more zeros to suppress in-band noise data.
The signal processing system also includes means, coupled
to the means for processing, for filtering a signal previously
processed by the delta sigma modulator with a finite impulse
response (FIR) filter having a transfer function characterized
by a low pass frequency response.

BRIEF DESCRIPTION OF THE

DRAWINGS

The present invention may be better understood, and its
numerous objects, features and advantages made apparent to
those skilled in the art by referencing the accompanying
drawings. The use of the same reference number throughout
the several figures designates a like or similar element.

FIG. 1 (prior art) depicts a signal processing system that
includes a delta sigma modulator.

FIG. 2 (prior art) depicts an N-order delta sigma modu-
lator.

FI1G. 3 (prior art) depicts a 57 order delta sigma modulator
noise transier function 1n the z-domain.

FIG. 4 (prior art) depicts the frequency response of the 57
order delta sigma modulator noise transier function of FIG.

3.

FIG. § depicts a signal processing system that includes a
delta sigma modulator.

FIG. 6 depicts a noise transier function 1n the z-domain of
a delta sigma modulator loop filter.

FIG. 7 depicts a comparison between a conventional 5
order noise transter function and the noise transter tunction

illustrated in FIG. 6.
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FIG. 8 depicts a combination 1n the z-domain of a delta
sigma modulator loop filter noise transfer function and a
post-delta sigma modulator finite impulse response transier
function.

FIG. 9 depicts a new and conventional superposition of a
delta sigma modulator loop filter noise transier functions
and a post-delta sigma modulator finite 1impulse response
transfer functions.

FIG. 10 depicts another embodiment of a delta sigma
modulator with a post delta sigma modulator triangle finite
impulse response filter.

DETAILED DESCRIPTION

A signal processing system matches, within a band of near
out-of-band frequencies, the frequency response trends of a
delta sigma modulator noise transter function (NTF) and
frequency response trends of a low pass finite 1mpulse
response (FIR) filter to provide noise attenuation in the
in-band frequencies and near out-of-band frequencies. More
specifically, 1n at least one embodiment, the signal process-
ing system matches, within the band of near out-of-band
frequencies, a gradient trending toward increasing energy as
the near out-of-band frequencies increase of the NTF with a
gradient trending toward increasing attenuation by a FIR
filter to improve attenuation of near out-oi-band energy 1n an
output signal of the signal processing system. Operation of
the delta sigma modulator generates near out-of-band noise.
Improving attenuation of the near out-of-band energy helps
prevent the near out-of-band energy from being modulated
into in-band frequencies, 1.e. frequencies of a signal of
interest. In at least one embodiment, the N'TF includes a pole
having real and complex components within the range of
zero to approximately zero and includes one or more 1n-band
zeros. The FIR filter in at least one embodiment includes
zeros distributed at various out-of-band frequencies.

FIG. 5 depicts signal processing system 500 that includes
a delta sigma modulator 502 to receive and process delta
sigma modulator input signal X(z). Signal source 505 pro-
vides an 1itial input signal, and the initial mput signal 1s
typically processed by pre-processor 507. In at least one
embodiment, signal source 505 and pre-processor 507 are
the same as respective signal source 102 and pre-processor
106, and the mput signal X(z) 1s an audio signal. The delta
sigma modulator 502 includes an M-bit quantizer 501 that
quantizes an output signal of loop filter 504 and generates an
output signal Y(z). In at least one embodiment, M-bit
quantizer 301 1s the same as M-bit quantizer 110, and M 1s
an integer representing the number of output bits of quan-
tizer 501. The delta sigma modulator 502 has a signal
transfer function (STF) 506 and a noise transier function
(NTF) 508 to process output signal Y(z) (fed back to loop
filter 504) and the input signal X(z). The output signal Y(z)
generally relates to the input signal X(z) and quantization
error E(z) 1n accordance with Equation [5], which is repro-
duced below for convenience:

Y(zy=STF(z) X(z)+NTF(z)-E(z) [5]

In at least one embodiment, the STF 506 functions 1n the
same manner as the STF of loop filter 112. The NTF 508 1s
explained 1n more detail below.

Post-processor 310 includes a low pass finite impulse
response (FIR) filter 512 that attenuates noise at various
out-of-band frequencies. In at least one embodiment FIR
filter 512 1s a comb type filter or the convolution of two or
more comb filters. In at least one embodiment, the post-
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6

processor 310 also includes an optional pulse width modu-
lator 514. At least one embodiment of the combination of a

pulse width modulator 514 and FIR filter 512 1s described in
U.S. Pat. Nos. 6,727,832, 6,150,969, and 5,815,102, inven-
tor John L. Melanson, which are hereby incorporated by
reference in their entirety. In at least one embodiment, the
transfer function H(z).,, of FIR filter 512 1s designed as a
low-pass filter to provide zeros at of out-oi-band frequencies
with non-trivial amplitudes. For example, 1n at least one
embodiment, the transfer function H(z).,» of FIR filter 512
provides zeros at frequencies corresponding to operational
frequencies and corresponding harmonic frequencies of the
pulse width modulator 514.

In at least one embodiment, in the frequency domain and
within a band of near out-of-band frequencies, the frequency
response of the NTF 508, characterized by a gradient
trending toward increasing energy as frequency increases,
matches a frequency response of the FIR filter 512, charac-
terized by a gradient trending toward increasing attenuation
as Irequency increases, to improve attenuation of near
out-of-band energy in an output signal of the signal pro-
cessing system. Thus, from a quantitative view, the absolute
values of the slopes of the NTF 508 frequency response and
the FIR filter 512 frequency response match within any
particular frequency range. The “match™ between the NTF
508 frequency response and the FIR filter 512 frequency
response refers to a relationship between the NTF 508
frequency response and the FIR filter 512 frequency
response that 1s designed to improve attenuation of near
out-of-band energy in the output signal. The “match™ with
relationship to the absolute value of the slopes of the NTF
508 and FIR filter 512 frequency response may be exact or
approximate at any particular frequency, but, 1n either case,
the match 1s designed to improve attenuation ol near out-
of-band energy 1n the output signal.

Conventional noise ftransier functions are generally
designed to have very low 1in-band noise energy in return for
a steep gradient of increasing out-of-band energy as fre-
quency increases. A relatively slow trend of increasing
energy as Ifrequency increases in near out-of-band frequen-
cies 1s conventionally considered to be undesirable. In the
frequency domain, low pass transter tfunction H(z),, exhib-
its a relatively shallow gradient trending towards an increase
in attenuation of near out-of-band frequencies as frequency
increases. However, by decreasing the energy versus fre-
quency gradient of NTF 508 in the near out-of-band fre-
quencies, N'TF 508 approximately matches the gradient of
increasing attenuation ol near out-of-band frequencies by
transter function H(z).,, to reduce near out-of-band energy
relative to comparable, conventionally configured systems.
Attenuation of near out-of-band energy helps reduce subse-
quent modulation of near out-of-band energy into in-band
frequencies, and, thus, increases the signal-to-noise ratio of
the output signal 516 of signal processing system 500.

The signal processing system 500 can also include addi-
tional processing 518 to further process an output of FIR
filter 512. Additional processing includes, for example, an
infinite impulse response filter and/or an RC filter to further
attenuate out-of-band energy and/or equipment to record
data onto one or more data storage media.

The range of frequencies representing “near out-oi-band
frequencies” depends upon a number of factors such as the
range of frequencies extending from the mn-band frequencies
that are more likely to be modulated into the in-band
frequencies. For example, jitter modulation 1s a range of
frequencies that are close enough to the in-band frequencies
to cause subsequent processing problems, such as problems
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with audio amplifiers, and/or a range of frequencies that are
not generally filtered well by subsequent low-pass filters. In
at least one embodiment, near out-of-band frequencies are
one-half the inverse of the number of taps of a comb FIR
filter times the sampling frequency. For example, 1n an audio
context having a baseband frequency 1,=20 kHz, a 12 tap
FIR filter, and a sampling frequency of 6.144 MHz, the near
out-of-band upper frequency 1s 0.5-(V12)-6.144 MHz=256
kHz. Accordingly, in at least one embodiment, the near
out-of-band frequency range 1s 20 kHz to 256 kHz.

Referring to FIGS. 5 and 6, the NTF 508 1s designed to
match the frequency response of FIR filter 512 to attenuate
near out-oi-band energy better than conventional systems.
FIG. 6 depicts NTF 602, which represents one embodiment
of NTF 508, in the z-domain of one embodiment of delta
sigma modulator loop filter 504. NTF 602 represents a 5
order embodiment of NTF 3508 in an audio processing
context, 1.e. the mn-band frequency range 1s, for example, O
Hz to 20 kHz. NTF 602 1s 1llustrated in FIG. 6 by the poles
and zeros 1n a z-domain pole-zero plot 603. NTF 602 1is
‘technically’ a 57 order filter with a zero at ®=0, complex
conjugate zeros at w=+/—0.9-1,, and complex conjugate

zeros at w=+/-0.75-1,/2, where 1, represents an audio base-
band frequency of 20 kHz. NTF 602 also includes (1) four
complex poles corresponding to the two pairs of complex
conjugate zeros and (11) a pole in the z-domain with an
absolute value less than or equal to 0.3, 1.e. a pole within a

circle 612 having a radius of |Zle «0.5. In at least one
embodiment, the pole 1s at or at least very near the origin
(0,0), 1.e. (Re(z)=0, Im(z)=0), of z-domain plot 603. The
frequency range of the z-domain plot of NTF 602 1n box 606
1s not to scale for an audio signal processing system using
delta sigma modulation. When processing audio signals, the
Nyquist frequency, 1.e. 1/2, for a 48 kHz sampled audio

signal with a 128:1 oversampling ratio equals 3.072 MHz,
1.e. 6.144/2 MHz). Thus, the frequency at z=-1 1s 1 /2=3.072

MHz, which yields an 1/2:1, ratio of 64:1. Accordingly, the
five zeros and four poles 1n box 606 can be approximated by
a single zero 608, as depicted 1n z-domain plot 610.

FIG. 7 depicts the superposition 700 that compares a
conventional 57 order NTF with 5% order NTF 602. The
NTF 602 is ‘technically’ a 5” order filter. However, since
pole 604 has real and complex components within a range of
zero to approximately zero, pole 604 functions as a unit
delay and essentially has no eflect on the frequency response
of signal processing system 500. Thus, NTF 602 essentially
behaves as a 4” order filter. The dashed frequency response
trace 400 represents the frequency response of conventional
delta sigma modulator 108 with a 5 order Butterworth NTF
as shown 1 FIG. 4. The solid frequency response trace 702
represents an example frequency response of delta sigma
modulator 502 with a 57 order NTF 602. The response trace
702 1s characterized by a gradient trending toward increas-
ing energy as frequency increases. Because the pole 604
does not aflect the frequency response of NTF 602, the
frequency response of NTF 602 resembles a 47 order
Butterworth function. Although conventional wisdom indi-
cates the desirability of moving N'TF poles closer to z=1, the
signal processing system 500 exhibits improved attenuation
ol near out-oi-band energy.

FIG. 8 depicts the combination of one embodiment in the
z-domain of transier function H(z).,» of FIR filter 512 and
NTEF 602. Plot 802 represents an embodiment of a 12 tap,
11 order, low pass comb FIR transfer function H{(z)-;»
having the general form represented by Equation [2]:
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H(Z)pp =

“N”" 1s the order of the FIR filter, and N=11 1n the embodi-
ment of plot 802. In the embodiment of H(z)~,» represented
by plot 802, the zeros are evenly distributed around the
z-domain unit circle, except at z=w=0, to attenuate opera-
tional frequencies and harmonics of pulse width modulator
514 as, for example, described 1n U.S. Pat. No. 6,727,832,
The combination of plot 610 representing NTF 602 and plot
802 yields the z-domain plot 804. Plot 804 represents the
noise transfer function of an embodiment of signal process-
ing system 500. Thus, NTF 602 provides the missing zero 1n
plot 802 to filter out in-band, near out-of-band, and the
remaining out-of-band noise energy generated by delta
sigma modulator 502 and other processes of signal process-
ing system 300, such as pulse width modulator 514.

FIG. 9 depicts a series of frequency responses culminat-
ing 1n the superposition 900 of NTF 602 matched with low
pass H(z).,, (solid line 904) and a combined frequency
response of a conventional loop filter 112 NTF and low pass
FIR filter (dashed line 906). Frequency response 902 rep-
resents one embodiment of the frequency response of FIR
filter 512. The frequency response of the FIR filter 512 1s
characterized by a gradient trending toward increasing
attenuation as frequency increases. In the near out-of-band
frequencies, the frequency response 702 of the NTF 602,
having a gradient trending toward increasing energy as the
near out-of-band frequencies increases matches a gradient
trending toward increasing attenuation by FIR filter 502. In
at least one embodiment, 1n the frequency domain the match
of frequency responses matches a positive slope associated
with NTF 602 and a negative slope associated with FIR filter
512, so that with increasing frequency the NTF 602 results
in less attenuation of near out-of-band frequencies while the
frequency response of filter 512 results in more attenuation
of near out-of-band frequencies. By matching the frequency
response characteristics of the NTF 602 and FIR filter 512,
signal processing system 500 improves attenuation of near
out-of-band energy in an output signal of the signal pro-
cessing system. An extra zero can be added at the Nyquist
frequency 1/2 to further attenuate very high frequencies,
and/or an analog RC filter can be added to post-process 510
to attenuate very high frequency components of out-of-band
energy.

Matching characteristics of frequency responses of the
NTF of a delta sigma modulator and a subsequent low-pass
filter to better attenuate near out-of-band energy can be
implemented with a variety of signal processing system 500
configurations. For example, FIG. 10 depicts another
embodiment of delta sigma modulator 302 and post-proces-
sor 510 with further improved out-of-band energy attenua-
tion. A NTF of delta sigma modulator 1002 includes zeros
distributed at 1n-band frequencies, two complex conjugate
poles at +/-0.9-1,, one real pole near z=1, and two real poles
at z=0. The frequency range of box 1006 1s not drawn to
scale. In an audio context, 1, 1s approximately 20 kHz, and
at z=1, 1 /2=3.072 MHz. Thus, the zeros of the NTF 1008
can be approximated by a zero 1010. In addition to pulse
width modulator 514, the pulse processor also includes low
pass triangle FIR filter 1004. The triangle FIR filter 1004 has
double zeros, which are, for example, evenly distributed at
frequencies corresponding to operational and harmonic fre-
quencies of the pulse width modulator 514. The triangle
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filter 1004 can be implemented by the convolution of two
comb FIR filters. The NTF 1012 of tnnangle FIR filter 1004
combined with the complementary NTF 1008 of delta sigma
modulator 1002 resolve into the NTF 1014 to provide
improved near out-of-band energy attenuation and the out-
of-band frequency range.

Signal processing system 500 can be implemented 1n any
number of ways. For example, signal processing system 500
can be implemented using hardware, software, or combina-
tion of hardware and software. In at least one embodiment,
the delta sigma modulator 502 1s implemented in software
and FIR filter 512 1s implemented in hardware.

Thus, 1n a signal processing system, a delta sigma modu-
lator with an NTF frequency response, characterized by a
gradient trending toward increasing energy as Irequency
increases, matches a frequency response ol a post-delta
sigma modulator FIR filter 512, characterized by a gradient
trending toward increasing attenuation as {requency
increases, to improve attenuation of near out-of-band energy
in an output signal of the signal processing system. The
improved near out-of-band energy attenuation can be
achieved using a delta sigma modulator NTF that, contrary
to conventional practices, includes a pole that has no sig-
nificant effect on the overall frequency response of a noise
transier function of signal processing system. The remaining
poles and zeros of the NTF provide a gradient trending
toward increasing energy as near out-of-band frequencies
increase that matches a gradient trending toward increasing
attenuation by a FIR filter. The resulting near out-of-band
energy attenuation reduces modulation of near out-of-band
frequencies into an 1n-band frequency range and construc-
tively addresses other problems caused by near out-of-band
noise.

Although the present mvention has been described 1in
detail, 1t should be understood that various changes, substi-
tutions and alterations can be made hereto without departing,
from the spirit and scope of the invention as defined by the
appended claims.

What 1s claimed 1s:

1. A signal processing system comprising:

an N-order delta-sigma modulator to process digital input
data that includes 1n-band frequency data and generate
digital output data, wherein N 1s an 1integer greater than
or equal to 2;

a digital in-analog out finite impulse response (FIR) filter,
coupled to an output of the delta sigma modulator,
having a triangular impulse response to process digital
data previously processed by the delta sigma modulator
and to generate an analog output signal; and

a pulse width modulator to process data previously pro-
cessed by the delta-sigma modulator and prior to pro-
cessing by the FIR filter.

2. The signal processing system of claim 1 wherein:

the noise transier function of the delta sigma modulator
includes (1) two poles 1n the z-domain with an absolute
value less than or equal to 0.5.

3. The signal processing system of claim 1 wherein the
delta sigma modulator includes a noise transier function
having a gradient trending toward increasing energy as the
near out-of-band frequencies increase that matches a gradi-
ent trending toward increasing attenuation by the filter as the
near out-of-band frequencies increase to attenuate energy in
the near out-of-band frequencies.

4. The signal processing system of claam 3 wherein a
match between a gradient trending toward increasing energy
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as the near out-of-band frequencies increase and a gradient
trending toward increasing attenuation by the FIR filter 1s an
approximate match.

5. The signal processing system of claim 1 wherein the
input signal comprises an audio signal.

6. The signal processing system of claim 1 wherein the
delta sigma modulator and FIR filter are implemented using
code stored 1n a memory and executable by a processor.

7. A signal processing system comprising:

an N-order delta-sigma modulator having a high pass

noise transier function that consists of a single pole 1n
the z-domain with an absolute value less than or equal
to 0.5 and further includes (1) N-1 poles having a real
component 1n the z-domain greater than 0.5 and (1) N
zeros having a real component 1n the z-domain greater
than or equal to 0.5 and N 1s an integer greater than or
equal to 3; and

a finite impulse response (FIR) filter coupled to an output

of the delta sigma modulator, wherein a transfer func-
tion of the FIR filter 1s characterized by a low-pass
frequency response.

8. The signal processing system of claim 7 wherein the
pole of the noise transfer function 1n the z-domain with an
absolute value less than or equal to 0.5 has real and complex
component values within a range of zero to approximately
Zero.

9. The signal processing system of claim 7 turther com-
prising;:

a pulse width modulator coupled between the delta sigma

modulator and FIR filter.

10. The signal processing system of claim 9 wherein the
transfer function of the FIR filter includes zeros at or near
frequencies located at a modulation frequency of the pulse
width modulator and harmonics of the modulation fre-
quency.

11. The signal processing system of claim 7 wherein the
N zeros of the noise transfer function of the delta sigma
modulator are within a range of 0 Hertz and a maximum
in-band frequency to suppress in-band noise signals.

12. The signal processing system of claim 7 wherein the
FIR filter comprises a boxcar FIR filter.

13. The signal processing system of claim 7 wherein the
input signal comprises an audio signal.

14. The signal processing system of claim 7 wherein the
FIR filter comprises a convolution of multiple boxcar FIR
f1lters.

15. The si1gnal processing system of claim 14 wherein the
convolution of the multiple boxcar FIR filters comprises a
triangle FIR filter.

16. The signal processing system of claim 7 wherein the
delta-sigma modulator 1s a digital-to-analog delta-sigma
modulator and the FIR filter 1s a digital in-analog out FIR
filter.

17. A method of reducing near out-of-band noise 1n a
signal processing system, the method comprising:

recerving digital input data with an N-order delta-sigma

modulator, wherein N 1s an integer greater than or equal
to 2;

processing noise in the N-order delta sigma modulator 1n

accordance with a noise transfer function;

filtering a signal previously modulated by the delta sigma

modulator 1n accordance with a digital in-analog out
finite 1mpulse response (FIR) filter, wherein the FIR
filter has a transfer function characterized by a trian-
gular impulse response; and

prior to filtering, modulating an output signal of the delta

sigma modulator using a pulse width modulator.



US 7,307,565 Bl

11

18. The method of claim 17 wherein the noise transier
function of the delta sigma modulator includes (1) two poles
in the z-domain with an absolute value less than or equal to
0.5.

19. The method of claim 17 wherein the noise transier
function of the delta sigma modulator includes (1) a pole

with real and complex component values within a range of

zero to approximately zero and (1) one or more zeros to
suppress 1m-band noise data.

20. The method of claim 17 wherein the input signal
comprises an audio signal.

21. The method of claim 17 wherein the noise transier
function 1s characterized by a gradient trending toward
increasing energy as near out-of-band frequencies increase
and the (FIR) filter transter function 1s further characterized
by a gradient trending toward increasing attenuation as near
out-of-band frequencies increase that matches the gradient
of the noise transfer function with the gradient of the FIR
filter transter function, and the noise transfer function gra-
dient matches the FIR filter transfer function to attenuate
energy in the near out-of-band frequencies.

22. The method of claim 21 wherein the match between
a gradient trending toward increasing energy as the near
out-of-band frequencies increase and a gradient trending
toward 1ncreasing attenuation by the FIR filter 1s an approxi-
mate match.

23. A method of reducing near out-of-band noise in a
signal processing system, the method comprising;

processing an input signal using a delta sigma modulator,

wherein the input signal includes 1in-band frequencies
and a noise transfer function of the delta sigma modu-
lator consists of a single pole i the z-domain with an
absolute value less than or equal to 0.5 and further
includes (1) N-1 poles having a real component 1n the
z-domain greater than 0.5 and (11) N zeros having a real
component 1n the z-domain greater than or equal to 0.5,
and N 1s an integer greater than or equal to 3; and
filtering a signal previously processed by the delta sigma
modulator with a finite 1mpulse response (FIR) filter
having a transier function characterized by a low pass
frequency response.

24. The method of claim 23 wherein the pole of the noise
transfer function 1n the z-domain with an absolute value less
than or equal to 0.5 has real and complex component values
within a range of zero to approximately zero.

25. The method of claim 23 further comprising:

prior to filtering, modulating an output signal of the delta
sigma modulator using a pulse width modulator.

26. The method of claim 25 wherein the transfer function
of the FIR filter includes zeros at or near frequencies located
at a modulation frequency of the pulse width modulator and
harmonics of the modulation frequency.

27. The method of claim 23 wherein filtering the signal
previously processed by the delta sigma modulator com-

prises filtering the signal using a convolution of multiple
FIR filters.

28. The of claim 27 wherein filtering the signal using a
convolution of multiple FIR filters comprises filtering the
signal using a FIR filter having a triangle impulse response.

29. The method of claim 23 wherein filtering the signal
comprises liltering the signal with a FIR filter having a
transier function with zeros spaced evenly between approxi-
mately 0 Hertz and one-half of the sampling frequency of the
input signal.

30. The method of claim 23 wherein the input signal 1s an
audio signal having a signal bandwidth, and a frequency
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response of the combined noise transier function substan-
tially eliminates near out-of-band noise generated by the
delta sigma modulator.

31. The method of claim 23 further comprising:

converting an output of the FIR filter into an analog
signal;

filtering the analog signal using a low-pass analog filter to
generate a low-pass filtered signal; and

providing the low-pass filtered signal to an audio output
device.

32. The method of claim 23 wherein the mmput signal
comprises an audio signal.

33. The method of claim 23 further comprising:

means for pulse width modulating an output signal of the
delta sigma modulator, wherein the means for pulse
width modulating 1s coupled between the means for
processing and the means for filtering.

34. The method of claim 23 wheremn the delta-sigma
modulator 1s a digital-to-analog delta-sigma modulator and
the FIR filter 1s a digital in-analog out FIR filter.

35. A signal processing system comprising;:

means for processing an mput signal using a delta sigma

modulator, wherein the mmput signal includes in-band
frequencies and a noise transfer function of the delta
sigma modulator consists of a single pole 1n the z-do-
main with an absolute value less than or equal to 0.5
and further includes (1) N-1 poles having a real com-
ponent in the z-domain greater than 0.5 and (11) N zeros
having a real component in the z-domain greater than

or equal to 0.5, and N 1s an integer greater than or equal
to 3; and

means, coupled to the means for processing, for filtering
a signal previously processed by the delta sigma modu-
lator with a finite impulse response (FIR) filter having
a transier function characterized by a low pass ire-
quency response.

36. The signal processing system of claim 35 wherein the
delta-sigma modulator 1s a digital-to-analog delta-sigma

modulator and the FIR filter 1s a digital in-analog out FIR
filter.

37. A signal processing system comprising:
an N-order delta-sigma modulator to process digital input
data that includes 1n-band frequency data and generate

digital output data, wherein N 1s an integer greater than
or equal to 2; and

a digital 1n-analog out finite impulse response (FIR) filter,
coupled to an output of the delta sigma modulator,
having a triangular impulse response to process digital
data previously processed by the delta sigma modulator
and to generate an analog output signal;

wherein the noise transier function of the delta sigma
modulator includes (1) two poles in the z-domain with
an absolute value less than or equal to 0.5.

38. A method of reducing near out-of-band noise in a
signal processing system, the method comprising:

recerving digital input data with an N-order delta-sigma
modulator, wherein N 1s an integer greater than or equal
to 2;

processing noise 1n the N-order delta sigma modulator 1n
accordance with a noise transter function; and

filtering a signal previously modulated by the delta sigma
modulator 1n accordance with a digital in-analog out
finite 1mpulse response (FIR) filter, wherein the FIR
filter has a transfer function characterized by a trian-
gular impulse response;
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wherein the noise transfer function of the delta sigma
modulator 1includes (1) two poles 1n the z-domain with
an absolute value less than or equal to 0.5.

39. A method of reducing near out-of-band noise n a

signal processing system, the method comprising;

receiving digital mput data with an N-order delta-sigma
modulator, wherein N 1s an integer greater than or equal
to 2;

processing noise 1n the N-order delta sigma modulator 1n
accordance with a noise transtfer function; and

filtering a signal previously modulated by the delta sigma
modulator 1n accordance with a digital 1in-analog out
fimte impulse response (FIR) filter, wherein the FIR
filter has a transfer function characterized by a trian-
gular impulse response;

wherein the noise transfer function of the delta sigma
modulator includes (1) a pole with real and complex
component values within a range of zero to approxi-
mately zero and (11) one or more zZeros to suppress
in-band noise data.

40. A method of reducing near out-oi-band noise in a

signal processing system, the method comprising;
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receirving digital input data with an N-order delta-sigma
modulator, wherein N 1s an integer greater than or equal
to 2;

processing noise 1n the N-order delta sigma modulator 1n
accordance with a noise transfer function; and

filtering a signal previously modulated by the delta sigma
modulator 1n accordance with a digital in-analog out
finite 1mpulse response (FIR) filter, wherein the FIR
filter has a transier function characterized by a trian-
gular impulse response;

wherein the noise transier function 1s characterized by a
gradient trending toward increasing energy as near
out-of-band frequencies increase and the (FIR) filter
transier function 1s further characterized by a gradient
trending toward increasing attenuation as near out-oi-
band frequencies increase that matches the gradient of
the noise transier function with the gradient of the FIR
filter transfer function, and the noise transfer function
gradient matches the FIR filter transfer function to
attenuate energy in the near out-of-band frequencies.
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